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A laser-plasma, EUV radiation source (10) that controls the
target droplet delivery rate so that successive target droplets
(66, 72) are not affected by the ionization of a preceding
target droplet. A source nozzle (50) of the source (10) has an
orifice (56) of a predetermined size that allows the droplets
(54) to be emitted at a rate set by the target materials natural
Rayleigh instability break-up frequency as generated by a
piezoelectric transducer (58). The rate of the droplet generation is determined by these factors in connection with the
pulse frequency of the excitation laser (14) so that buffer
droplets (70) are delivered between the target droplets (66,
72). The buffer droplets (70) act to absorb radiation generated from the ionized target droplet ( 66) so that the next
target droplet (72) is not affected.
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droplet generator which produces droplets within 100 microseconds of each laser pulse.
When the laser source is operated at these frequencies for
a liquid droplet stream generated at the Rayleigh frequency
5 for an orifice of the desirable size, closely spaced droplets
are generated, where the spacing between droplets is
BACKGROUND OF THE INVENTION
approximately nine times the droplet radius. Due to this
1. Field of the Invention
proximity, a target droplet currently being ionized adversely
affects successive droplets in the stream. Thus, the succesThis invention relates generally to a laser-plasma,
sive droplets are damaged or destroyed prior to being
extreme ultraviolet light source and, more particularly, to a
laser-plasma, extreme ultraviolet light source that provides 10 ionized by the laser beam.
One approach for preventing successive target droplets
synchronized laser pulses and a target droplet delivery rate
from being effected by ionization of a preceding target
so that buffer droplets are provided between consecutive
droplet would be to have the laser pulse hit each droplet
target droplets.
immediately as it emerges from the nozzle orifice. However,
2. Discussion of the Related Art
this would result in plasma formation very close to the
15
Microelectronic integrated circuits are typically patterned
nozzle orifice, providing an excessive heat load and causing
on a substrate by a photolithography process, well known to
plasma-induced erosion of the nozzle orifice.
those skilled in the art, where the circuit elements are
Another approach would be to energize the piezoelectric
defined by a light beam propagating through or reflected
transducer at frequencies other than the natural Rayleigh
from a mask. As the state of the art of the photolithography
break-up frequency of the target material. In other words, the
process and integrated circuit architecture becomes more 20 frequency of the droplet formation can be adjusted away
developed, the circuit elements become smaller and more
from the Rayleigh frequency, and the droplet spacing can be
closely spaced together. As the circuit elements become
varied. This will allow some adjustment of the droplet
frequency to match the laser pulse frequency. However,
smaller, it is necessary to employ photolithography light
operating the transducer at a frequency other than the
sources that generate light beams having shorter wavelengths and higher frequencies. In other words, the resolu- 25 Rayleigh break-up frequency adversely affects the ability to
create a consistent stream of droplets. Because xenon is a
tion of the photolithography process increases as the wavegas at room temperature and pressure, the xenon gas is
length of the light source decreases to allow smaller
cooled to, for example, -100° C., to liquify it. Drop on
integrated circuit elements to be defined. The current state of
demand generators are difficult to control to provide droplets
the art for photolithography light sources generate light in
of the right size at the right time because of the surface
the extreme ultraviolet (EUV) or soft x-ray wavelengths
30 tension properties of liquid xenon.
(13-14 nm).
Another approach would be to increase the size of the
U.S. patent application Ser. No. 09/644,589, filed Aug. 23,
nozzle orifice so that the droplets are generated at the
2000, entitled "Liquid Sprays as a Target for a Laser-Plasma
Rayleigh break-up frequency less often. However, this leads
Extreme Ultraviolet Light Source," and assigned to the
to droplets of too large a size for the laser ionization process,
assignee of this application, discloses a laser-plasma, EUV
35 possibly causing component damage resulting from unionradiation source for a photolithography system that employs
ized frozen xenon.
a liquid as the target material, typically xenon, for generating
SUMMARY OF THE INVENTION
the laser plasma. A xenon target material provides the
desirable EUV wavelengths, and the resulting evaporated
In accordance with the teachings of the present invention,
xenon gas is chemically inert and is easily pumped out by
a laser-plasma, EUV radiation source is disclosed that
the source vacuum system. Other liquids and gases, such as 40 controls the target droplet delivery rate so that designated
krypton and argon, and combinations of liquids and gases,
target droplets are not affected by the ionization of preceding
are also available for the laser target material to generate
droplets. In one embodiment, the source nozzle has an
EUV radiation.
orifice of a predetermined size that allows the droplets of the
The EUV radiation source employs a source nozzle that
desired size to be emitted at a rate set by the target material's
generates a stream of target droplets in a vacuum environ- 45 natural Rayleigh instability break-up frequency, as generment. The droplet stream is created by allowing a liquid
ated by a piezoelectric transducer. The rate of the droplet
target material (typically xenon) to flow through an orifice
generation is determined by these factors in connection with
(50-100 microns diameter), and perturbing the flow by
the pulse frequency of the excitation laser so that buffer
voltage pulses from an excitation source, such as a piezodroplets are delivered between the target droplets. The buffer
electric transducer, attached to a nozzle delivery tube. 50 droplets act to absorb radiation generated from the ionized
Typically, the droplets are produced at a rate defined by the
target droplet so that the next target droplet is not affected.
Rayleigh instability break-up frequency (10-100 kHz) of a
Additional objects, advantages and features of the present
continuous flow stream. The droplets are emitted from the
invention will become apparent from the following descripnozzle where they evaporate and freeze. The size of the
tion and appended claims, taken in conjunction with the
orifice is set so that as the droplets freeze and are reduced in 55 accompanying drawings.
size, they are of a size at the ionization region where
BRIEF DESCRIPTION OF THE DRAWINGS
ionization by a high intensity laser pulse will generate
significant EUV radiation, without allowing pieces of frozen
FIG. 1 is a plan view of a laser-plasma, extreme ultraxenon to escape ionization, and possibly damage sensitive
violet radiation source, according to the invention; and
optical components.
FIG. 2 is a cross-sectional view of a nozzle for a laserTo meet the EUV power and dose control requirements 60 plasma, extreme ultraviolet radiation source providing
for next generation commercial semiconductors manufacbuffer droplets, according to an embodiment of the present
tured using EUV photolithography, the laser beam source
invention.
must be pulsed at a high rate, typically 5-20 kHz. It,
DETAILED DISCUSSION OF THE
therefore, becomes necessary to supply high-density droplet
EMBODIMENTS
targets having a quick recovery of the droplet stream 65
between laser pulses, such that all laser pulses interact with
The following discussion of the embodiments of the
target droplets under optimum conditions. This requires a
invention directed to a nozzle for an EUV radiation source
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neutral atoms, and particles, and broadband radiation covis merely exemplary in nature, and is in no way intended to
ering the infrared to EUV spectral range. Assuming that the
limit the invention or its applications or uses.
energy is radiated isotropically, the geometric fraction interFIG. 1 is a plan view of an EUV radiation source 10
including a nozzle 12 and a laser beam source 14. A liquid
cepted by the next droplet 70 in the stream is (r/2R) 2 , where
16, such as xenon, flows through the nozzle 12 from a 5 r is the droplet radius and R is the spacing between droplets.
suitable source (not shown). The liquid 16 is forced under
For spontaneous Rayleigh break-up into droplets, r is
pressure through an exit orifice 20 of the nozzle 12 where it
approximately 1.9 times the radius of the nozzle orifice 20,
is formed into a stream 26 of liquid droplets 22 directed to
and R is approximately nine times the orifice radius. Thus,
a target location 34. A piezoelectric transducer 24 positioned
(r/2R) 2 =0.011.
on the nozzle 12 perturbs the flow of liquid 16 to generate
The first droplet 70 after the current target droplet 66
10
the droplets 22.
absorbs 1.1 % of the initial laser pulse energy, or 8.3 ml. The
A laser beam 30 from the source 14 is focused by focusing
mass of a 100 micron diameter liquid xenon sphere is 1.6
optics 32 onto the droplet 22 at the target location 34, where
micrograms, and the heat of vaporization is 97 Jig or 0.16
the source 14 is pulsed relative to the rate of the droplets 22
ml. The absorbed energy causes the first droplet 70 after the
as they reach the target location 34. The energy in the laser
current target droplet 66 to vaporize, and 8.3-0.16 ml is
beam 30 ionizes the droplet 22 and generates a plasma that 15 radiated from that droplet. Again, assuming isotropic
radiates EUV radiation 36. The nozzle 12 is designed so that
radiation, the second droplet 70 after the current target
it will stand up to the heat and rigors of the plasma
droplet 66 will capture 1.1 % of this energy, corresponding to
generation process. The EUV radiation 36 is collected by
0.09 ml absorbed by the second droplet 70 after the current
target droplet 66. This absorbed energy is less than that
collector optics 38 and is directed to the circuit (not shown)
being patterned. The collector optics 38 can have any 20 required to vaporize the droplet (0.16 mJ), so this droplet
suitable shape for the purposes of collecting and directing
will suffer minimal disruption. Thus, the second and third
droplets 70 act as buffer droplets absorbing the excess
the radiation 36. In this design, the laser beam 30 propagates
through an opening 40 in the collector optics 38. The plasma
plasma energy and protecting subsequent target droplets.
The following droplets will be unaffected by the preceding
generation process is performed in a vacuum.
FIG. 2 is a cross-sectional view of a nozzle 50 suitable to 25 laser pulse, so the droplets stream will be re-established until
the next laser pulse hits the next target droplet 72.
replace the nozzle 12 in the source 10 discussed above,
according to the invention. The nozzle 50 receives a liquid
In one example, a 15 kHz droplet frequency could be used
target material 52, such as liquid xenon, at one end and emits
with a 5 kHz laser pulse rate, providing two buffer droplets
droplets 54 of the material 52 through a specially configured
70 between consecutive target droplets. If more buffer
orifice 56 at an opposite end. According to one embodiment 30 droplets 70 are required, the piezoelectric drive pulse rate
of the present invention, a piezoelectric transducer 58 in
can be increased to 20 kHz, with a corresponding increase
contact with the nozzle 50 provides vibrational pulses at a
in liquid velocity by providing three buffer droplets 70
rate associated with the natural Rayleigh break-up frequency
between the target droplets 66. This discussion assumes that
the droplets 54 are ejected into a vacuum environment. In
of the material 52, as determined by the diameter of the
orifice 56. This provides a continuous flow droplet delivery,
this case, the droplets 54 will quickly begin to evaporate and
as opposed to a drop on demand system, where the spacing 35 their surface temperature will decrease resulting in freezing.
This phase change may interfere with the droplet generation,
between the droplets 54 is tightly controlled. In other
especially if freezing occurs in the orifice. If it is required to
embodiments, the piezoelectric transducer 58 can be pulsed
at frequencies other than the natural Rayleigh break-up
maintain the droplets 54 in a liquid state, modifications to
frequency to vary the spacing between the droplets 54.
the source 50 can be made to provide an intermediate
Additionally, other excitation devices besides the transducer 40 pressure, such as by a carrier gas, to prevent the droplets 54
58 can be used, as would be appreciated by those skilled in
from freezing, or to control the rate of freezing.
the art.
The foregoing discussion discloses and describes merely
The stream of droplets 54 is emitted from the nozzle 50
exemplary embodiments of the present invention. One
at a rate corresponding to the pulse frequency of the piezoskilled in the art will readily recognize from such discussion
electric transducer 58, which sets the spacing between the 45 and from the accompanying drawings and claims, that
various changes, modifications and variations can be made
droplets 54. The droplets 54 propagate a predetermined
distance to a target area, where a target droplet 66 is ionized
therein without departing from the spirit and scope of the
invention as defined in the following claims.
by a laser beam 68, such as from the laser source 14. The
distance between the nozzle 50 and the target area is selected
What is claimed is:
so that the droplets 54 freeze by evaporation in the vacuum 50
1. A laser-plasma extreme ultraviolet (EUV) radiation
to a desirable size, and is a desired distance away from the
source comprising:
nozzle 50 so that the laser ionization process does not
a nozzle including a source end and an exit end, said exit
damage the nozzle 50.
end including an orifice having a predetermined
According to the invention, the pulse rate of the piezodiameter, said nozzle emitting a stream of droplets of a
electric transducer 58, the size of the orifice 56 and the pulse
target material from the orifice;
55
rate of the laser source 14 are all matched so that a
a target material excitation source providing a pulsed
predetermined number of buffer droplets 70 are formed
excitation signal to the nozzle; and
between the current target droplet 66 and a next target
a laser source providing a pulsed laser beam, wherein the
droplet 72. In this example, there are three buffer droplets 70
timing of the pulsed excitation source, the diameter of
between the target droplets 66 and 72, however, this is by
the orifice and the timing of the pulsed laser source are
way of a non-limiting example for a particular laser pulse 60
designed
relative to each other so that the droplets
frequency.
emitted from the orifice of the nozzle have a predeterIn one example, EUV light for photolithography requires
mined speed and spacing therebetween and so that
the laser pulse energy to be about 0.75 J. This energy is
target droplets within the droplet stream are ionized by
absorbed by a 100 micron diameter xenon target droplet,
the pulses of the laser beam and a predetermined
such as the droplet 66, at the target location. The droplet 66 65
number of buffer droplets are provided between the
is rapidly ionized to form a plasma which radiates the
target droplets that are not directly ionized by the
absorbed energy in the form of kinetic energy of ions,
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pulsed laser beam, where the buffer droplets absorb
radiated plasma energy from ionized target droplets so
as to allow subsequent target droplets to be unaffected
by preceding target droplet ionization.
2. The source according to claim 1 wherein the number of
buffer droplets between the target droplets is selected from
the group consisting of one buffer droplet, two buffer
droplets and three buffer droplets.
3. The source according to claim 1 wherein the excitation
source is pulsed at a frequency that is the natural Rayleigh
break-up frequency of the target material for the predetermined diameter of the orifice.
4. The source according to claim 1 wherein the excitation
source is a piezoelectric transducer.
5. The source according to claim 1 wherein the orifice has
a diameter of between 50-100 microns.
6. The source according to claim 1 wherein the target
material is liquid xenon.
7. The source according to claim 1 wherein the laser
source has a pulse rate between 5-20 kHz.
8. A laser-plasma extreme ultraviolet (EUV) radiation
source comprising:
a nozzle including a source end and an exit end, said exit
end including an orifice having a predetermined
diameter, said nozzle receiving liquid xenon at its
source end and emitting a stream of xenon droplets
from the orifice;
a xenon excitation source providing a pulsed excitation
signal to the nozzle, said excitation source causing the
droplets to be emitted from the orifice, said excitation
source being pulsed at a frequency that is the natural
Rayleigh break-up frequency of the xenon relative to
the size of the orifice; and
a laser source providing a pulsed laser beam directed
towards a target area, wherein the timing of the xenon
excitation source, the diameter of the orifice and the
timing of the pulse laser source are designed relative to
each other so that the droplets emitted from the orifice
of the nozzle have a predetermined speed and spacing
therebetween so that target droplets within the droplet
stream are ionized by the pulses of the laser beam and
a predetermined number of buffer droplets are provided
between the target droplets that are not directly ionized
by the pulsed laser beam, where the buffer droplets
absorb radiated plasma energy from ionized target
droplets so as to allow subsequent target droplets to be
unaffected by preceding target droplet ionization.
9. The source according to claim 8 wherein the number of
buffer droplets between the target droplets is selected from

the group cons1stmg of one buffer droplet, two buffer
droplets and three buffer droplets.
10. The source according to claim 8 wherein the excitation source is a piezoelectric transducer.
11. The source according to claim 8 wherein the orifice
has a diameter of between 50-100 microns.
12. The source according to claim 8 wherein the laser
source has a pulse rate between 5-10 kHz.
13. A method of generating target material droplets in a
laser-plasma extreme ultraviolet (EUV) radiation source,
comprising:
forcing a liquid target material through an orifice of a
nozzle;
vibrating the nozzle at a pulsed vibration rate so that the
target material exits the orifice as a stream of droplets
that is directed towards a target area; and
directing a pulsed laser beam towards the target area so
that droplets that enter the target area are ionized by the
laser beam, wherein the timing of the pulses vibrating
the nozzle, the timing of the laser pulses and the
diameter of the orifice are selected so that the droplets
emitted from the orifice of the nozzle have a predetermined speed and spacing therebetween so that target
droplets within the target stream are ionized in the
target area by the pulses of the laser beam and a
predetermined number of buffer droplets are provided
between successive target droplets that are not directly
ionized by the pulse beam, where the buffer droplets
absorb radiated plasma energy from ionized target
droplets so as to allow subsequent target droplets to be
unaffected by preceding target droplet ionization.
14. The method according to claim 13 wherein vibrating
the nozzle includes vibrating the nozzle at a frequency that
is the natural Rayleigh break-up frequency of the target
material.
15. The method according to claim 13 wherein forcing a
liquid target material through an orifice of a nozzle includes
forcing a liquid target material through an orifice having a
diameter of between 50--100 microns.
16. The method according to claim 13 wherein directing
a pulse laser beam towards the target area includes directing
a pulsed laser beam having a pulse rate between 5-10 kHz.
17. The method according to claim 13 wherein vibrating
the nozzle includes vibrating the nozzle with a piezoelectric
transducer.
18. The method according to claim 13 wherein the number of buffer droplets provided between successive target
droplets is selected from the group consisting of one buffer
droplet, two buffer droplets and three buffer droplets.
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